INTRODUCTION
============

The cell cycle must occur in a properly regulated manner for the continual production of normal cells throughout the lifetime of an organism ([@B46]). A key part of the cell cycle involves duplication of the genomic DNA. Any aberrations in this process must be detected promptly and rectified accurately. Otherwise, genetic abnormalities may accumulate over time and provoke detrimental effects, such as the development of cancer ([@B55]).

Key aspects of DNA replication involve separation of the duplex into single-stranded DNA (ssDNA) and duplication of the resulting templates by DNA polymerases ([@B40]; [@B56]). Because ssDNA is a precarious and vulnerable structure, cells regulate its generation and metabolism very precisely. Initial unwinding of the DNA is confined to limited regions known as origins of replication. Moreover, a cascade of proteins ensures that these origins are utilized in a correctly regulated manner. The culmination of this process involves activation of the replicative helicase by S-phase kinases ([@B31]). This helicase, known as the CMG complex, consists of the Cdc45, MCM, and GINS proteins. On initial unwinding of the duplex, the ssDNA-binding protein RPA associates with the newly fired origin and thereby facilitates recognition of the DNA by various polymerases.

Cells possess elaborate checkpoint mechanisms that monitor the fidelity of DNA replication through a multistage, combinatorial process ([@B55]; [@B6]; [@B5]; [@B49]). These mechanisms appear to detect multiple structural features of replication forks that have experienced various difficulties. For example, a complex of ATR and ATR-interacting protein (ATRIP), a master checkpoint regulatory kinase, docks onto RPA-coated ssDNA ([@B8]; [@B73]). Likewise, a trimeric protein clamp composed of Rad9, Hus1, and Rad1 (known as the 9-1-1 complex) recognizes junctions between ssDNA and double-stranded DNA ([@B14]; [@B51]). A clamp loader containing the Rad17 protein facilitates the deposition of the 9-1-1 complex onto these junctions. Moreover, the checkpoint mediator protein Claspin associates with chromatin immediately after Cdc45 and appears to monitor some aspect of DNA unwinding ([@B33]).

Another pivotal step in the activation of Chk1 involves a protein called topoisomerase IIβ-binding protein 1 (TopBP1). Under conditions of genotoxic stress, TopBP1 associates with and directly activates ATR-ATRIP ([@B30]; [@B45]). This function involves a discrete ATR-activating domain of TopBP1. Significantly, TopBP1 also has an important role in DNA replication by promoting the incorporation of Cdc45 into the replicative helicase ([@B65]; [@B19]). These dual roles of TopBP1 place it in an excellent position to respond to conditions of replicative stress. In vertebrates, docking of the N-terminal region of TopBP1 containing BRCA1 carboxy-terminal (BRCT) domains 1 and 2 with the 9-1-1 complex is critical for the activation of ATR-ATRIP ([@B12]; [@B34]). Thereupon activated ATR-ATRIP phosphorylates and activates the checkpoint effector kinase Chk1 with the assistance of Claspin ([@B16]; [@B21]; [@B38]; [@B29]). Chk1 serves as the workhorse of checkpoint response by delaying the cell cycle and controlling the replication apparatus while cells cope with DNA lesions ([@B52]; [@B15]).

Double-stranded DNA breaks (DSBs) represent another type of DNA damage that evokes a different class of checkpoint response. At the apex of this response, early-acting regulators, such as the Mre11-Rad50-Nbs1 (MRN) complex and master kinase ataxia-telangiectasia mutated (ATM), collaborate to initiate a cascade of events ([@B36]; [@B25]; [@B60]). For example, processing of DSBs to yield resected 3′ overhangs of ssDNA is an important step in DSB checkpoint and repair pathways ([@B62]). This processing leads to the recruitment of RPA to the ssDNA regions, which promotes the sequential activation of ATR-ATRIP and Chk1 ([@B10]; [@B23]; [@B48]; [@B68]).

The MRN complex is an intricate biochemical machine ([@B36]; [@B67]; [@B60]). The Mre11 protein possesses both ssDNA endonuclease and 3′-5′ exonuclease activities. These nucleolytic functions appear to promote the resection of damaged DNA under various circumstances, but the full physiological significance of these activities is enigmatic. Rad50 is a member of the ATP-binding cassette family of ATPases and contains coiled-coil domains characteristic of structural main­tenance of chromosomes (SMC) proteins. Rad50 possesses both ATPase and adenylate kinase activities. Overall, Rad50 is important for the conformational dynamics of the MRN complex in response to various DNA structures. Finally, Nbs1 is important for docking of the complex with other regulators ([@B67]; [@B60]). The N-terminal region of Nbs1 contains both a forkhead-associated (FHA) domain and tandem BRCT domains. These modules mediate various phosphorylation-dependent protein--protein interactions. Nbs1 also contains a C-terminal ATM-binding domain that promotes MRN-mediated activation of ATM.

Interestingly, the MRN complex associates with replicating chromatin under apparently unperturbed conditions ([@B9]; [@B43]). These findings have suggested that the MRN complex plays a preventive role against accumulation of DSBs during replication. Also, several lines of evidence have indicated that the MRN complex localizes to stalled replication forks ([@B43]; [@B54]; [@B50]; [@B63]). The role of the MRN complex under conditions of replicative stress was suggested to involve structural support for the replisome or regulation of ATR-dependent phosphorylation ([@B59]; [@B50]; [@B63]).

In previous studies, we reported that the MRN complex collaborates with TopBP1 in response to DSBs in *Xenopus* egg extracts ([@B69]). The MRN complex associates specifically with TopBP1 in an Nbs1-dependent manner and thereby recruits ATM to TopBP1. Thereupon ATM phosphorylates TopBP1 on Ser-1131. This phosphorylation enhances the affinity of TopBP1 for ATR-ATRIP, boosts the ATR-activating capacity of TopBP1, and leads to further ATR-catalyzed phosphorylation of Ser-1131 in a positive-feedback loop. In pursuing these studies, we noted that depletion of the MRN complex also compromised the activation of Chk1 in response to stalled replication forks. We found that this effect involves the nuclease activity of the Mre11 subunit of the complex. These results indicate that the MRN complex also has an important role in checkpoint signaling from stalled replication forks. Moreover, these studies reveal a novel insight into the biological significance of the nuclease activity of Mre11.

RESULTS
=======

The MRN complex is necessary for full activation of Chk1 in response to stalled replication forks
-------------------------------------------------------------------------------------------------

During our studies of Nbs1 in *Xenopus* egg extracts, we noted that depletion of this protein caused a very substantial, although not complete, reduction in the phosphorylation of Chk1 in response to stalled replication forks. As shown in [Figure 1A](#F1){ref-type="fig"}, we prepared Nbs1-depleted egg extracts with affinity-purified anti-Nbs1 antibodies. This procedure effectively removed Nbs1 and codepleted essentially all of the Mre11 (see also [Figure 5](#F5){ref-type="fig"} later in the paper), which suggests that *Xenopus* MRN exists as a tight complex in egg extracts. Next we added to the extracts demembranated sperm chromatin and aphidicolin (APH), a DNA polymerase inhibitor that causes stalling of replication forks ([@B11]; [@B28]). As a readout for checkpoint activation, we also included \[^35^S\]-radiolabeled *Xenopus* Chk1 and monitored its mobility in SDS gels ([Figure 1B](#F1){ref-type="fig"}). In control mock-depleted extracts, APH elicited a characteristic reduction in the electrophoretic mobility of Chk1 that is indicative of phosphorylation ([@B28]). However, in Nbs1-depleted extracts, there was a large reduction in the phosphorylation of Chk1, typically around three-quarters of the total. Significantly, we could not ablate this phosphorylation completely, even through rigorous immunodepletion of Nbs1.

![The MRN complex is involved in the pathway that activates Chk1 in response to DNA replication blockages in *Xenopus* egg extracts. (A) Interphase egg extracts were subjected to an immunodepletion procedure with beads containing control antibodies (lane 1) or anti-Nbs1 antibodies (lanes 2 and 3). rMRN, prepared as described in (C), was added back to a level close to the endogenous amount (lane 3). Samples were immunoblotted for Nbs1. (B) Egg extracts from (A) were incubated with sperm chromatin and \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--4) of APH. Nuclear fractions from the extracts were processed for SDS--PAGE and phosphorimaging to assess phosphorylation of Chk1. Unshifted Chk1 was marked with a bar and slower-migrating band(s) with an arrow. Phosphorylation was expressed as a percentage of the level in mock-depleted extracts (lane 2). Results (mean ± SD) are from three independent experiments. (C) Expression and purification of rMRN from insect cells. Sf9 insect cells were coinfected with recombinant baculoviruses encoding human Mre11 (hMre11-His6), human Rad50 (hRad50-His6), and *Xenopus* Nbs1 (xNbs1-FLAG). Cell lysates were incubated with nickel (Ni) agarose, and bound proteins were eluted with imidazole buffer (lane 2). Next, this eluate was incubated with anti-FLAG antibody beads to achieve further purification. The flow-through fraction (FT) from this step is shown in lane 4. Finally, the bead-bound proteins were eluted with FLAG peptide (lane 3). Lane 1 contains molecular size markers. Samples were separated by SDS--PAGE and stained with Coomassie Brilliant Blue. (D) Egg extracts from (A) were incubated in the absence (lane 1) or presence (lanes 2--4) of pA-pT. \[^35^S\]-labeled Chk1 protein was included in extracts in order to monitor checkpoint activation. Samples were analyzed by SDS--PAGE and phosphorimaging. (E) Samples prepared as in (B) were analyzed for the phosphorylation status of various endogenous proteins by immunoblotting with antibodies that detect Ser-344 of Chk1, Ser-864 of Claspin, and Ser-92 of Mcm2. Samples were also immunoblotted for the corresponding protein antigens.](1343fig1){#F1}

![The MRN complex associates with chromatin in a replication-dependent manner. (A) Time course for binding of Nbs1 to chromatin. Interphase egg extracts treated with control buffer (top), APH (middle), or PflMI (bottom) were incubated with sperm chromatin (lanes 2--8). Chromatin fractions were prepared at the indicated times for immunoblotting with anti-Nbs1 and anti-Orc2 antibodies. Lane 1 depicts 1 μl of egg extract. (B) Extracts incubated with no checkpoint inducer (lanes 2, 5, and 8), APH (A; lanes 3, 6, and 9), or PflMI (P; lanes 4, 7, and 10) were treated with control buffer (lanes 2--4), Geminin (lanes 5--7), or p27 (lanes 8--10). Chromatin fractions were prepared and immunoblotted for Nbs1 (top) and PCNA (bottom). The sample for lane 1 lacked any added sperm chromatin. (C) Chromatin fractions were prepared from mock-treated (lanes 1 and 2) or Cdc45-depleted (lanes 3 and 4) extracts that had been incubated in the absence (lane 1) or presence (lanes 2--4) of APH. Recombinant *Xenopus* Cdc45 (r45) was added back in lane 4 (arrow). Samples were immunoblotted for the indicated proteins. (D) Chromatin fractions were prepared from mock-treated (lanes 1 and 2) or RPA-depleted (lanes 3 and 4) extracts that had been incubated in the absence (lane 1) or presence (lanes 2--4) of APH. Recombinant human RPA (rRPA) was added to the extract in lane 4. Samples were immunoblotted with antibodies against *Xenopus* Nbs1 and RPA70. Note that human RPA70 does not cross-react with the anti-*Xenopus* antibodies. (E) Chromatin fractions were prepared from mock-treated (lanes 1--3) or TopBP1-depleted (lanes 4--5) extracts that had been incubated in the absence (lane 1) or presence of either APH (A; lanes 2 and 4) or PflMI (P; lanes 3 and 5). Fractions were immunoblotted for the indicated proteins.](1343fig2){#F2}

![MRN and Rad17 regulate activation of Chk1 in an additive manner. (A) Mock-treated (lanes 1 and 2) or Nbs1-depleted (lanes 3 and 4) extracts were incubated in the absence (lane 1) or presence (lanes 2--4) of APH. Recombinant MRN was added back to the incubation shown in lane 4. Chromatin fractions were prepared and immunoblotted for the indicated proteins. (B) Quantitation of binding of proteins to chromatin in mock-treated extracts incubated in the absence (1) or presence (2) of APH and in Nbs1-depleted extracts incubated in the presence of APH (3). Values, compiled from two independent experiments, are expressed relative to mock-treated, APH-containing extracts. (C) Egg extracts were subjected to an immunodepletion procedure with control antibodies (lane 1), anti-Rad17 antibodies (lane 2), anti-Nbs1 antibodies (lane 3), or both anti-Rad17 and anti-Nbs1 antibodies (lane 4). Extracts were immunoblotted for the indicated proteins. (D) Extracts from (C) were incubated in the absence (lane 1) or presence (lanes 2--5) of APH. Chromatin fractions were immunoblotted for the indicated proteins. (E) Extracts from (C) were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--5) of APH. Nuclear fractions from the extracts were processed for phosphorimaging to detect \[^35^S\]Chk1 (second panel from top) or for immunoblotting with antibodies that detect pSer-344 of Chk1, pSer-864 of Claspin, Claspin, pSer-1131 of TopBP1, and TopBP1, as indicated in the remaining panels.](1343fig3){#F3}

![The Nbs1 component of the MRN complex is dispensable for the APH-induced activation of Chk1. (A) Domains of the *Xenopus* Nbs1 protein. The protein contains an FHA domain and two BRCT domains in its N-terminal region and an Mre11-binding domain (MB) and ATM-binding domain (AB) in its C-terminal region. Two deletion constructs of Nbs1 (∆1 and ∆2) are depicted. (B and D) Egg extracts were mock-treated with control antibodies (lane 1) or immunodepleted with anti-Nbs1 antibodies (lanes 2--4). Extracts were supplemented with control buffer (B and D, lanes 1 and 2), wild-type rMRN complex (B and D, lane 3), mutant rMRN∆1 complex (B, lane 4), or mutant rMRN∆2 complex (D, lane 4). Extracts were immunoblotted with anti-Nbs1 and anti-TopBP1 antibodies. (C and E) Extracts from (B) and (D), respectively, were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--5) of APH. Nuclear fractions from the extracts were processed for phosphorimaging to assess phosphorylation-dependent shifting of Chk1. Numbers above each lane denote quantitation of phosphorylation relative to mock-depleted, APH-treated extracts. (F) Mock-treated (lane 1) or Nbs1-depleted extracts (lanes 2--4) were supplemented with control buffer (lanes 1 and 2), wild-type rMRN complex (lane 3), or recombinant MR complex lacking Nbs1 (lane 4). For these experiments, the Rad50 subunit in the trimeric MRN and dimeric MR complexes contained a C-terminal FLAG tag (see *Materials and Methods*). Extracts were immunoblotted for the indicated proteins. (G) Extracts in (F) were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--5) of APH. Nuclear fractions from the extracts were processed for phosphorimaging.](1343fig4){#F4}

![Mre11 is essential for the DNA replication checkpoint in egg extracts. (A) Mock-depleted (lanes 1 and 2) or Nbs1-depleted (lanes 3--7) extracts were supplemented with the following: control buffer (lanes 1--3), recombinant MRN complexes containing all wild-type subunits (lane 4), a Rad50-SR mutant subunit (lane 5), or an Mre11-3 mutant subunit (lane 6), and dimeric MR complex (lane 7). Extracts were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--7) of APH. Nuclear fractions from the extracts were processed for immunoblotting with anti--pSer-344 Chk1 antibodies (top) or for phosphorimaging to detect radiolabeled Chk1 (bottom). Numbers above each lane denote quantitation of phosphorylation relative to mock-depleted, APH-treated extracts. (B) Mock-treated (lane 1) or Nbs1-depleted extracts (lanes 2--4) were supplemented with control buffer (lanes 1 and 2), recombinant Mre11-Nbs1 complex (MN, lane 3) or recombinant Mre11 protein (lane 4). Extracts were immunoblotted for the indicated proteins. (C) Extracts from (B) were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--5) of APH. Nuclear fractions from the extracts were processed for immunoblotting with anti--pSer-344 Chk1 antibodies (top) or for phosphorimaging to detect radiolabeled Chk1 (bottom). (D) Mock-treated (lane 1) or Nbs1-depleted (lanes 2--4) extracts were supplemented with control buffer (lanes 1 and 2), recombinant wild-type Mre11 protein (lane 3), or the mutant Mre11-3 protein (lane 4). Extracts were immunoblotted for the indicated proteins. (E) Extracts from (D) were incubated with \[^35^S\]Chk1 in the absence (lane 1) or presence (lanes 2--5) of APH. Nuclear fractions from the extracts were processed for immunoblotting with anti--pSer-344 Chk1 antibodies (top) or for phosphorimaging to detect radiolabeled Chk1 (bottom). (F) Effects of mirin on the DNA replication checkpoint. Egg extracts were preincubated for 20 min in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 0.8 mM mirin. At this point, extracts were supplemented with sperm chromatin and \[^35^S\]Chk1 and incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of APH. Nuclear fractions (top four panels) were prepared and processed for phosphorimaging and immunoblotting with the indicated antibodies. Numbers above the lanes containing Chk1 denote phosphorylation relative to APH-containing extracts treated with DMSO. Chromatin fractions (bottom three panels) were prepared and immunoblotted for TopBP1, Mre11, and Orc2. The numbers above the lanes containing TopBP1 represent the binding of TopBP1 to chromatin relative to APH-containing extracts treated with DMSO.](1343fig5){#F5}

Because the MRN complex is best known for its role in the response to DSBs, and APH does not induce DSBs in egg extracts under the conditions of our experiments ([@B37]), we performed extensive studies to examine the specificity of this effect. For example, we asked whether a recombinant MRN complex could restore phosphorylation of Chk1 to Nbs1-depleted extracts. Toward this end, we coinfected Sf9 insect cells with baculoviruses encoding His-tagged human Mre11 (hMre11-His6), His-tagged human Rad50 (hRad50-His6), and FLAG-tagged *Xenopus* Nbs1 (xNbs1-FLAG). We purified the recombinant MRN complex (rMRN) by sequential chromatography on nickel agarose and anti-FLAG antibody beads. Coomassie Blue staining of such preparations showed a good stoichiometric ratio of the three subunits ([Figure 1C](#F1){ref-type="fig"}).

To test the functionality of this complex, we added it to MRN-depleted extracts that were treated with the annealed double-stranded oligonucleotides poly(dA)~70~-poly(dT)~70~ (referred to hereafter as pA-pT). We have previously demonstrated that this DNA template is an effective inducer of the response to DSBs, a pathway that depends on the MRN complex ([@B26]; [@B69]). As shown in [Figure 1D](#F1){ref-type="fig"}, the rMRN complex was able to rescue the phosphorylation of Chk1 in response to pA-pT very effectively in MRN-depleted extracts.

Next we added the rMRN complex back to the APH-treated, MRN-depleted extracts ([Figure 1, A and B](#F1){ref-type="fig"}). We observed that the phosphorylation of Chk1 was restored almost completely. We obtained similar results by monitoring the phosphorylation of Chk1 with anti-phosphopeptide antibodies that detect the ATR-catalyzed phosphorylation of Chk1 on Ser-344 ([Figure 1E](#F1){ref-type="fig"}). These observations indicate that the reduced phosphorylation of Chk1 in the Nbs1-depleted extracts is specifically due to the absence of the MRN complex.

To probe these results further, we examined phosphorylation of other components in the ATR-dependent signaling pathway. We observed that the checkpoint-dependent phosphorylation of both Claspin on Ser-864 and Mcm2 on Ser-92 was significantly reduced in MRN-depleted extracts ([Figure 1E](#F1){ref-type="fig"}). Both of these phosphorylations depend on ATR in APH-treated extracts ([@B27]; [@B70]). Altogether, these results suggest that removal of the MRN complex substantially compromises the ATR-dependent response to stalled replication forks in egg extracts. Accordingly, inhibition of ATM with the small compound KU55933 did not compromise APH-induced activation of Chk1 in egg extracts under conditions in which it effectively blocked phosphorylation of Chk1 in response to DSBs created by the restriction enzyme PflMI (Supplemental Figure S1). These findings also raised the possibility that MRN might act at or near steps that regulate the activation of ATR.

The MRN complex associates with chromatin during the course of DNA replication
------------------------------------------------------------------------------

A number of proteins involved in the DNA replication checkpoint associate with the replication apparatus in a very specific manner and accumulate in elevated amounts at stalled replication forks ([@B33]; [@B53]). Therefore, we sought to understand the chromatin-binding behavior of the MRN complex during normal and perturbed DNA replication in egg extracts. We incubated demembranated sperm chromatin in interphase egg extracts, removed aliquots of the extracts at various times, and examined the association of Nbs1 with chromatin ([Figure 2A](#F2){ref-type="fig"}). Some Nbs1 initially associated quite rapidly with the chromatin (within 5 min). Thereafter its levels rose steadily for 30--40 min, by which time replication has typically undergone initiation. By 100 min, when replication usually nears completion, the amounts of Nbs1 on chromatin diminished to the low initial levels. In this system, nuclear envelope assembly, which is necessary for DNA replication, is normally complete by 30 min. Therefore these observations suggest that there are two modes for binding of Nbs1 to chromatin: an initial, membrane-independent binding and a slower binding that coincides with nuclear envelope assembly and DNA replication. When we added APH or the restriction enzyme PflMI to the extracts in order to induce the formation of stalled replication forks or DSBs, respectively, Nbs1 accumulated on chromatin at much higher levels than in the control extracts ([Figure 2A](#F2){ref-type="fig"}; see also [Figure 2B](#F2){ref-type="fig"}). Interestingly, Nbs1 underwent a signification modification in PflMI-treated extracts that was not evident in the APH-treated extracts.

To understand more precisely how MRN associates with replicating chromatin, we blocked chromosomal DNA replication at various discrete stages. For example, we inhibited formation of the prereplicative complex (pre-RC) by treatment with geminin or by immunodepleting Cdc6 ([@B7]; [@B39]). We also blocked origin firing by adding the cyclin-dependent kinase inhibitor p27 ([@B66]). All of these treatments greatly reduced the binding of Nbs1 to chromatin in extracts that had been incubated in the absence or presence of APH ([Figures 2B](#F2){ref-type="fig"} and S2). However, geminin and p27 did not affect the binding of Nbs1 to PflMI-treated chromatin, which suggests that the interactions of the MRN complex with replication forks and DSBs are distinct.

Because the key step triggered by Cdk2 during replication involves loading of Cdc45 onto the pre-RC complex ([@B42]), we also examined the relationship between Cdc45 and Nbs1. For this purpose, we removed Cdc45 from the extracts with specific antibodies. As shown in [Figure 2C](#F2){ref-type="fig"}, binding of Nbs1 to chromatin was substantially reduced in Cdc45-depleted extracts, and recombinant Cdc45 (rCdc45) could restore this binding to normal levels. The residual amount of Nbs1 on Cdc45-depleted chromatin likely reflects the nuclear membrane--independent mode of binding.

The formation of RPA-coated ssDNA at unwound replication origins depends on Cdc45 ([@B66]). Moreover, RPA is a key regulator in the ATR-dependent activation of Chk1 ([@B6]; [@B49]). Significantly, we observed that binding of Nbs1 to chromatin was unaffected in RPA-depleted extracts ([Figure 2D](#F2){ref-type="fig"}). Finally, we examined the chromatin-binding properties of Nbs1 in the absence of TopBP1. The recruitment of Cdc45 to replication origins requires TopBP1 ([@B65]; [@B19]). Consequently, the binding of Nbs1 to chromatin was greatly reduced in APH-treated extracts lacking TopBP1 ([Figure 2E](#F2){ref-type="fig"}). Interestingly, depletion of TopBP1 also reduced the binding of Nbs1 to PflMI-digested chromatin, which suggests that TopBP1 may help to stabilize the presence of MRN at DSBs ([@B69]).

Taken together, these results indicate that the MRN complex associates with the replication apparatus in a very precise manner. In particular, its binding depends on formation of the pre-RC and activation of the replicative helicase, but not on the formation of RPA-coated ssDNA.

Relationship between Rad17 and the MRN complex in the activation of Chk1
------------------------------------------------------------------------

To probe the mechanism by which depletion of MRN compromises the checkpoint response to APH, we examined the binding of key checkpoint-relevant proteins to chromatin in Nbs1-depleted extracts. We could not detect an obvious change in the levels of RPA, ATR, Rad17, or Hus1 (a component of the 9-1-1 complex) on Nbs1-depleted chromatin in APH-treated extracts ([Figure 3, A and B](#F3){ref-type="fig"}). Also, we could not observe any effect on the binding of Claspin to chromatin in the absence of Nbs1 (unpublished data). However, there was a significant reduction in the amount of TopBP1 on chromatin in Nbs1-depleted extracts ([Figure 3, A and B](#F3){ref-type="fig"}). This effect appeared to be quite specific, because addition of recombinant MRN restored binding of TopBP1 efficiently.

As reported previously, depletion of Rad17 also reduces the binding of TopBP1 to APH-treated chromatin in egg extracts ([@B32]). Furthermore, the fact that Nbs1-depleted extracts still contain some residual phosphorylation of Chk1 is reminiscent of the behavior of Rad17-depleted extracts ([@B24]; [@B33]; [@B32]). We therefore examined the relationship between Rad17 and MRN in the checkpoint response to APH. For this purpose, we depleted egg extracts of Rad17 or Nbs1 or both ([Figure 3C](#F3){ref-type="fig"}). As expected from previous studies, depletion of Rad17 abolished the binding of Hus1 to chromatin and substantially reduced the binding of TopBP1 ([Figure 3D](#F3){ref-type="fig"}). Significantly, depletion of both Rad17 and Nbs1 resulted in less binding of TopBP1 to chromatin than depletion of Rad17 or Nbs1 alone. We also examined phosphorylation of Chk1 in these experiments. Depletion of Rad17 or Nbs1 alone reduced phosphorylation of Chk1 substantially but not totally ([Figure 3E](#F3){ref-type="fig"}). Notably, however, depletion of both Rad17 and Nbs1 abolished phosphorylation almost completely.

We also examined the phosphorylation of other checkpoint proteins in extracts lacking either Rad17 or Nbs1 or both. For example, as shown in [Figure 3E](#F3){ref-type="fig"}, we examined phosphorylation of TopBP1 on Ser-1131 ([@B20]; [@B68]). As was the case with phosphorylation of Chk1, phosphorylation of Ser-1131 on TopBP1 was greatly reduced in the absence of either Rad17 or Nbs1, but abolished completely in the absence of both proteins. We also assessed the phosphorylation of Claspin on Ser-864 ([Figure 3E](#F3){ref-type="fig"}). This phosphorylation depends on ATR, but is carried out by a different kinase ([@B27]; [@B41]). We found that phosphorylation of Claspin on Ser-864, as detected with anti-phosphopeptide antibodies, was greatly reduced in the absence of either Rad17 or Nbs1. Although depletion of both Nbs1 and Rad17 did not appear to further reduce reactivity with the anti-phosphopeptide antibodies, the lack of both proteins did completely reverse the checkpoint-dependent mobility shift of Claspin. Taken together, these results indicate that both Rad17 and MRN contribute to the activation of Chk1 in an additive manner.

The Nbs1 subunit of the MRN complex is dispensable for the activation of Chk1 in response to stalled replication forks
----------------------------------------------------------------------------------------------------------------------

Next we sought to examine which subunit(s) of the MRN complex is necessary for the activation of Chk1 in response to APH. We initially focused on Nbs1, because we had previously studied the role of this protein in the TopBP1-dependent activation of Chk1 in response to DSBs ([@B69]). As depicted in [Figure 4A](#F4){ref-type="fig"}, Nbs1 contains a number of protein--protein interaction domains in its N-terminal region, including an FHA domain and tandem BRCT domains ([@B67]). The tandem BRCT domains are important for the association of Nbs1 with TopBP1 in egg extracts undergoing a checkpoint response to DSBs ([@B69]). We prepared a deletion mutant of Nbs1 (designated as Δ1) lacking the entire N-terminal region that houses the FHA and BRCT domains. Next we expressed and purified a trimeric MRN complex that contains this mutated subunit (MRNΔ1; see Figure S3A). On addition to MRN-depleted extracts, we found that the mutant MRNΔ1 complex restored APH-induced phosphorylation of Chk1 as efficiently as the wild-type MRN complex ([Figure 4, B and C](#F4){ref-type="fig"}).

To pursue these observations further, we made a more extreme deletion of Nbs1 that lacks most of the protein except for a C-terminal region containing the binding sites for Mre11 and ATM. We named this mutant Nbs1Δ2. We observed that a trimeric MRN complex containing this mutant (MRNΔ2) was also fully effective in rescuing phosphorylation of Chk1 in extracts lacking endogenous MRN ([Figures 4, D and E](#F4){ref-type="fig"}, and S3B).

Finally, we prepared a dimeric Mre11-Rad50 (MR) complex that lacks Nbs1 completely (Figure S3C). Significantly, this complex was able to support phosphorylation of Chk1 as efficiently as the complete MRN complex ([Figure 4, F and G](#F4){ref-type="fig"}). Thus Nbs1 appears to be dispensable for the APH-induced activation of Chk1 under these conditions.

Mre11 is necessary for the APH-dependent activation of Chk1
-----------------------------------------------------------

We proceeded to examine the other subunits of the complex (Mre11 and Rad50). In one approach, we analyzed MRN complexes in which these subunits contain mutations in key enzymatic activities. Rad50 contains an ATP-binding domain that possesses ATPase and adenylate kinase activities. Mre11 exhibits both ssDNA endonuclease and 3′-5′ exonuclease activities. We utilized a form of Rad50 in which a mutation of Ser-1202 to arginine in the signature motif of the ATP-binding domain impairs biological function (known as the Rad50-SR mutant). We also used a nuclease-deficient version of Mre11 in which His-129 and Asp-130 were changed to leucine and valine, respectively (known as the Mre11-3 mutant). Both the Rad50-SR and Mre11-3 mutants have been well characterized in biochemical studies ([@B1]; [@B44]; [@B2]).

We prepared trimeric MRN complexes containing either of these mutated subunits (see Figure S3D) and examined their capacities to rescue phosphorylation of Chk1 in APH-treated, Nbs1-depleted extracts. We observed that the complex containing the Rad50-SR protein rescued phosphorylation of Chk1 effectively, whereas the complex containing the Mre11-3 mutant was deficient ([Figure 5A](#F5){ref-type="fig"}). Consistent with the results in [Figure 4G](#F4){ref-type="fig"}, the dimeric MR complex also rescued phosphorylation well in these experiments. In contrast with the response to APH, the phosphorylation of Chk1 in response to pA-pT was not affected in Nbs1-depleted extracts that had been reconstituted with MRN complexes containing either the Rad50-SR or Mre11-3 proteins (Figure S4). However, phosphorylation of Chk1 in response to pA-pT was reduced in extracts containing the MR complex, which is consistent with the fact that Nbs1 plays a key role in the response to DSBs ([@B71]; [@B69]). Finally, in order to address the possibility that some other function of Rad50 might be important for the response to APH, we also prepared a dimeric Mre11-Nbs1 complex (MN) that lacks Rad50 (Figure S3C). We observed that this complex also restored phosphorylation of Chk1 efficiently ([Figure 5, B and C](#F5){ref-type="fig"}).

Next, we examined the isolated wild-type Mre11 and mutant Mre11-3 proteins ([Figures 5, B--E](#F5){ref-type="fig"}, and S3E). Interestingly, the wild-type Mre11 protein itself could also rescue phosphorylation well. In comparison, the Mre11-3 protein was deficient. As another means to examine this issue, we utilized mirin, a chemical inhibitor of the nuclease activity of Mre11 ([@B13]). We observed that addition of mirin to APH-treated extracts reduced phosphorylation of Chk1 to a similar extent as found in MRN-depleted extracts ([Figure 5F](#F5){ref-type="fig"}). Similarly, mirin also diminished the phosphorylation of Claspin on Ser-864. Finally, we observed that treatment with mirin reduced the binding of TopBP1 to APH-treated chromatin in a manner similar to depletion of MRN ([Figure 5F](#F5){ref-type="fig"}). Taken together, these results suggest that Mre11 is the key component of the MRN complex that promotes activation of Chk1 in response to APH. More specifically, the nuclease activity of Mre11 appears to be critical for this process.

DISCUSSION
==========

In this study, we have uncovered a role for the MRN complex in the checkpoint response to stalled DNA replication forks in *Xenopus* egg extracts. In particular, we observed that depletion of the MRN complex from these extracts substantially reduced activation of the checkpoint effector kinase Chk1 in response to addition of the DNA polymerase inhibitor APH. This defect is specifically due to the absence of MRN because addition of a recombinant MRN complex to the depleted extracts effectively reversed the reduction. Nonetheless, the absence of MRN did not totally abolish the phosphorylation of Chk1. We and others have made a similar observation with Rad17-depleted extracts, which also display significant residual phosphorylation of Chk1 ([@B24]; [@B33]; [@B32]). Significantly, however, removal of both MRN and Rad17 does abolish the phosphorylation of Chk1. These observations suggest that both Rad17 and the MRN complex contribute to the activation of Chk1 in an additive manner. Because correct replication of the genome is extremely vital to the survival of the organism, this type of redundancy would be advantageous.

A specific role for MRN in a DNA replication checkpoint response is consistent with the fact that this complex associates in a highly specific manner with chromatin during S phase in egg extracts. Although we observe a small amount of replication-independent binding to chromatin, most of the binding coincides with DNA replication and depends on certain key replication proteins. In particular, this binding depends on Cdc45, a component of the replicative helicase. Interestingly, however, binding does not depend on RPA. Not only does RPA enable replication by the polymerases, it also serves as a critical regulator of checkpoint responses by recruiting ATR-ATRIP ([@B49]). The chromatin-binding characteristics of MRN are generally similar to those of Claspin ([@B33]). Thus both of these important checkpoint regulators associate with the replication apparatus around the time of origin unwinding.

The absence of MRN also compromises a number of other ATR-dependent phosphorylations in egg extracts, including those of TopBP1, Claspin, and Mcm2. These phosphorylations occur upstream of Chk1. Moreover, inhibition of ATM in egg extracts does not affect APH-induced activation of Chk1. These observations suggest that there is some problem with the activation of ATR in MRN-depleted extracts. This defect most likely involves TopBP1 in some manner. Depletion of TopBP1 from egg extracts results in little, if any, phosphorylation of Chk1 in response to APH ([@B30]). For example, TopBP1-depleted extracts that have been reconstituted with a mutant of TopBP1 (W1138R) that is deficient for activation of ATR but proficient for DNA replication show minimal phosphorylation of Chk1. The implication is that both the MRN-dependent and Rad17-dependent pathways for activation of Chk1 ultimately funnel through TopBP1.

The lack of MRN also leads to a reduction in the amount of TopBP1 on APH-treated chromatin, which could help to explain the reduced activation of Chk1 under these circumstances. Although the pathway containing Rad17 and the 9-1-1 complex regulates the binding of TopBP1 to APH-stressed chromatin, the reduced binding of TopBP1 in the absence of MRN does not appear to involve the Rad17/9-1-1 pathway. As we have described, depletion of MRN from egg extracts does not affect binding of Rad17 or Hus1 to chromatin. Furthermore, depletion of Rad17 does not affect binding of MRN.

By performing structure--function studies on the MRN complex in egg extracts, we have observed that the nuclease activity of Mre11 is necessary for ATR-regulated activation of Chk1. Therefore an important mechanistic question is how this nuclease activity would contribute to the activation of Chk1 in response to incomplete replication. Stalled replication forks possess a number of features that would be absent from or less prominent in normal forks. These characteristics would include uncoupling of helicase from DNA polymerase activity, accumulation of ssDNA, repeated appearance of short primers on the DNA, and a buildup of numerous checkpoint and replication proteins on the chromatin ([@B33]; [@B55]; [@B4]; [@B64]; [@B49]). Processing of primers by Mre11 may adjust the spacing between primers and/or length of primers for better activation of the checkpoint. Nonetheless, processing by Mre11 does not appear to result in extensive generation of RPA-coated ssDNA, since we do not observe a change in the total amount of RPA on chromatin in MRN-depleted extracts. Indeed, mechanisms exist to restrain excessive activity of Mre11 at stalled forks to avoid conditions that might lead to deterioration of forks ([@B18], [@B17]).

Previous studies have examined the role of the MRN complex in ATR-regulated pathways in mammalian cells. For example, [@B59] implicated Nbs1 in the phosphorylation of Chk1 upon treatment with hydroxyurea (HU). In addition, [@B72] observed that ablation of Rad50 compromises UV-induced phosphorylation of Chk1, but they did not examine replication inhibitors, such as HU and APH. Moreover, [@B50] found that both Mre11 and Nbs1 are important for phosphorylation of Chk1 at low but not high doses of UV and HU. Although these studies are consistent with our general conclusion, there are some apparent inconsistencies about which subunit of MRN might be most critical. Ablation of one component of the MRN complex from living cells would be expected to affect the other components ([@B58]; [@B50]). An advantage of the *Xenopus* egg--extract system is that one can remove proteins from extracts and examine immediate physiological consequences. In addition, the flexibility of this system has allowed us to add back either dimeric MR or monomeric Mre11 to MRN-depleted extracts and show that Mre11 is sufficient for APH-induced phosphorylation of Chk1. Our results do not necessarily rule out the possibility that Rad50 and Nbs1 could play some role that is not apparent under the conditions of our experiments.

Substitution of the *Mre11* gene in mice with a mutant allele that lacks nuclease activity results in embryonic lethality ([@B3]). Mouse embryonic fibroblasts harboring this mutant could activate ATM normally but displayed more prolonged chromosome fragmentation following ionizing radiation (IR), sensitivity to both IR and APH, and defects in homologous recombination. These cells also exhibited reduced phosphorylation of Chk1 in response to UV. Although the authors did not test HU or APH, treatment with UV may elicit activation of Chk1, at least in part due to fork stalling in this context. If so, this observation would be consistent with our observations on APH-treated extracts containing nuclease-deficient Mre11.

The MRN complex and kinase ATM are two key regulatory components in checkpoint responses to DSBs ([@B36]; [@B60]). Cells with inherited hypomorphic alleles due to mutations in genes encoding Mre11, Rad50, or Nbs1 share a number of defects with cells from patients with ataxia-telangiectasia (A-T), which contain mutated ATM ([@B60]). For example, patients with Nijmegen breakage syndrome (mutated in Nbs1) or A-T like disorder (mutated in Mre11) show A-T abnormalities, such as hypersensitivity to IR, defects in IR-induced cell cycle checkpoints, and chromosome fragility ([@B57]; [@B60]). However, knockout of any one component of MRN in mice leads to embryonic lethality, whereas lack of ATM is not lethal ([@B61]; [@B60]; [@B57]; [@B3]). The essentiality of the MRN complex during embryogenesis is reminiscent of the indispensability of ATR or Chk1 ([@B57]; [@B6]). Collectively these findings have suggested that the MRN complex has essential protective roles in DNA metabolism besides activation of ATM. The observations in this study indicate that the MRN complex operates during a DNA replication checkpoint response without the involvement of ATM. Furthermore, the requirements for association of MRN with chromatin during a replication checkpoint response are clearly different from those during a checkpoint response to DSBs. Finally, unlike the indispensable involvement of Nbs1 in the response to DSBs, Nbs1 is not required for the replication checkpoint in egg extracts, according to our observations. Therefore the role of the MRN complex in the ATR-dependent activation of Chk1 appears to be largely unrelated to its role in the activation of ATM. This feature of the MRN complex is likely to be a significant aspect in its critical role during embryogenesis and maintenance of genomic integrity.

MATERIALS AND METHODS
=====================

*Xenopus* egg extracts and checkpoint assays
--------------------------------------------

Cytostatic factor-arrested (M-phase) extracts from *Xenopus* eggs and demembranated sperm chromatin were prepared as described ([@B47]). Interphase egg extracts were prepared by addition of CaCl~2~ (0.4 mM) and cycloheximide (100 μg/ml). For induction of a checkpoint response with DNA oligonucleotides, annealed 70-mers of dA and dT, poly(dA)~70~-poly(dT)~70~, were incubated in extracts at a concentration of 50 μg/ml in the presence of 3 μM tautomycin for 60 min ([@B26]). For induction of the DNA replication checkpoint, sperm nuclei (3000/μl) were incubated in extracts with APH (50 μg/ml) for 100 min. For induction of chromosomal DSBs, sperm chromatin was incubated in extracts in the presence of the restriction endonuclease *Pfl*MI (0.02 U/μl) for 100 min. Total nuclear fractions and chromatin fractions were prepared as previously described ([@B33]). The *Xenopus* Chk1 protein was radiolabeled in vitro with the TnT system (Promega, Madison, WI) in the presence of TRAN^35^S-LABEL (MP Biomedicals, Santa Ana, CA).

Antibodies and immunodepletion
------------------------------

Affinity-purified rabbit polyclonal antibodies against *Xenopus* Nbs1, Chk1, Claspin, pSer-864 of Claspin, Orc2, Cdc6, Cdc45, RPA70, Rad17, TopBP1, pSer-1131 of TopBP1, pSer-92 of Mcm2, ATR, and Hus1 were described previously ([@B7]; [@B27]; [@B30]; [@B33]; [@B32]; [@B68], [@B69]). For immunodepletion of Nbs1, anti-Nbs1 antibodies (50 μg) were coupled to protein A Dynabeads (Invitrogen, Irvine, CA). Half of the beads were incubated in interphase egg extracts (100 μl) for 40 min on ice. After removal of the beads, extracts were treated with the other half of the beads in the same manner. For mock depletions, control immunoglobulin G (Zymed Laboratories, South San Francisco, CA) was used in parallel. Immunodepletions of Cdc45, RPA, Rad17, and TopBP1 were also described before ([@B33]; [@B32]; [@B30]). Antisera and affinity-purified antibodies against *Xenopus* Mre11 were kindly provided by V. Costanzo (CRUK, United Kingdom) and H. Lindsay (Lancaster University, United Kingdom), respectively. Anti-*Xenopus* Mcm7 antibodies were the generous gift of J. Blow (University of Dundee, United Kingdom). We purchased antibodies against the following antigens from commercial sources: pSer-345 of human Chk1, equivalent to pSer-344 of *Xenopus* Chk1 (Cell Signaling Technology, Danvers, MA); and PCNA and Mcm2 from BD Biosciences PharMingen (San Diego, CA).

Preparation of recombinant proteins
-----------------------------------

Recombinant baculoviruses encoding His-tagged human Rad50 (hRad50-His6) and His-tagged human Mre11 (hMre11-His6) were kindly provided by T. Paull (University of Texas, Austin, TX; [@B35]). The baculovirus encoding recombinant *Xenopus* Nbs1 containing the FLAG epitope (xNbs1-FLAG) was previously described ([@B69]). For some applications, pFastBac was engineered to contain sequences for the SV40 nuclear localization signal (NLS), an S-tag, and a 3X FLAG tag between the *Sph*I and *Hin*dIII sites. This construct was designated as the pFastBac-NSF vector. The open reading frame of human Rad50 was amplified by PCR and subcloned between the *Rsr*II and *Xho*I sites in this vector to generate pFB-hRad50-NSF. For preparation of the signature motif mutation of hRad50 ([@B44]; [@B2]), Ser-1202 was substituted with arginine to make pFB-hRad50-SR-NSF. For preparation of the nuclease-deficient hMre11-3 mutant from pTP17 ([@B1]), His-129 and Asp-130 were changed into leucine and valine, respectively, to make pFB-hMre11-3. The pFB-xNbs1-FLAG vector was used to generate the Δ1 and Δ2 mutants of Nbs1. The Δ2 version of xNbs1-FLAG also contained an ectopic SV40 NLS. Baculoviruses were generated with the Bac-to-Bac system (Invitrogen).

For preparation of recombinant proteins and protein complexes, (6--12) × 10^7^ cells were infected with the appropriate combination of baculoviruses and incubated for 3 d. Cell pellets were briefly sonicated in 1 ml lysis buffer (10 mM HEPES-KOH, pH 7.6, 150 mM NaCl, 0.5% Triton X-100, and 5 mM ethylene glycol tetraacetic acid) containing 10 μg/ml each of pepstatin, chymostatin, and leupeptin. Cell lysates were clarified by centrifugation at 11,700 × *g* for 10 min. The supernatants were then incubated with nickel agarose beads for 1 h. After the beads were washed, proteins were eluted into 0.4 ml of elution buffer I (10 mM HEPES-KOH, pH 7.6, 150 mM NaCl, and 200 mM imidazole). The eluates were subsequently incubated with 15 μl of anti-FLAG M2 antibody beads (Sigma-Aldrich, St. Louis, MO) for 40 min. After washing, proteins were eluted into 50 μl of elution buffer II (10 mM HEPES-KOH, pH 7.6, 100 mM NaCl, and 10% glycerol) containing 100 μg/ml of 3X FLAG peptide (Sigma-Aldrich). Aliquots were frozen in liquid nitrogen for storage at −80°C. In the case of preparation of hMre11-His6, only a single purification with nickel beads was used. Preparation of recombinant *Xenopus* Cdc45-His6 and human RPA were described previously ([@B33]).

Quantitation
------------

Radioactivity from \[^35^S\]Chk1 was detected with a PhosphorImager screen and quantitated with the ImageQuant program (Molecular Dynamics, Sunnyvale, CA). Immunoblot signals were detected on x-ray film using enhanced chemiluminescence (Thermo Fisher Scientific, Rockford, IL), and their scanned images were quantitated with the ImageJ program (National Institutes of Health \[NIH\], Bethesda, MD).

Miscellaneous
-------------

Preparation and use of Geminin and p27 were previously described ([@B33]). The ATM inhibitor KU55933 ([@B22]) and the Mre11 inhibitor mirin were purchased from Tocris Biosciences (Bristol, United Kingdom) and Enzo Life Science (Farmingdale, NY), respectively. These chemicals were dissolved in dimethyl sulfoxide (DMSO). Typically, 0.25 mM KU55933 and 0.8 mM mirin were equilibrated in egg extracts for 20 min prior to the addition of sperm chromatin and checkpoint-inducing reagents.
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